This paper describes experiments exploring the three-dimensional ͑3D͒ Rayleigh-Taylor instability at a blast-wave-driven interface. This experiment is well scaled to the He/H interface during the explosion phase of SN1987A. In the experiments, ϳ 5 kJ of energy from the Omega laser was used to create a planar blast wave in a plastic disk, which is accelerated into a lower-density foam. These circumstances induce the Richtmyer-Meshkov instability and, after the shock passes the interface, the system quickly becomes dominated by the Rayleigh-Taylor instability. The plastic disk has an intentional pattern machined at the plastic/foam interface. This perturbation is 3D with a basic structure of two orthogonal sine waves with a wavelength of 71 m and an amplitude of 2.5 m. Additional long-wavelength modes with a wavelength of either 212 or 424 m are added onto the single-mode pattern. The addition of the long-wavelength modes was motivated by the results of previous experiments where material penetrated unexpectedly to the shock front, perhaps due to an unintended structure. The current experiments and simulations were performed to explore the effects of this unintended structure; however, we were unable to reproduce the previous results.
I. INTRODUCTION
The Rayleigh 1 -Taylor 2 instability is a common occurrence in nature as it transpires whenever a less dense fluid accelerates a more dense fluid. This instability is widespread in astrophysics, 3 occurring in models of core-collapse supernova explosions [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] in young supernova remnants, 15 and in many other circumstances. This instability also affects a variety of other systems, from the atmosphere 16 to inertial confinement fusion experiments. 17 The resulting evolution from this process is the flow of the heavy fluid "sinking" outward in the form of "spikes" and the light material "floating" inward in the form of "bubbles." Systems driven by brief energy releases, such as explosions, form blast waves, in which an outgoing shock front is followed by a rarefaction ͑a fluid deceleration involving a density and pressure decrease͒. When a blast wave encounters an interface or other rapid decreases in density, the passage of the shock front initiates the growth of structures at the interface by depositing vorticity, following which the deceleration causes further growth of these structures by Rayleigh-Taylor. The growth due to the deposited vorticity is known as the Richtmyer 18 -Meshkov 19 instability. In the following, we will describe this combination of processes as the "blast-wave-driven instabilities" or just "the instabilities." The Rayleigh-Taylor growth becomes dominant during most of the evolution of the blast-wave driven systems of interest here. The mixing due to the blast-wave-driven instabilities that occur in the experiments and simulations described in this paper is by design similar to the blast-wave-driven instabilities that are believed to occur at the outer layers of a core-collapse supernova. This mixing process is believed to take place in supernova explosions where the explosion of a dense core causes a blast wave to move outward through layers of decreasing density. High-energy-density ͑HED͒ facilities make it possible to study specific, well-scaled aspects of astrophysical phenomena. Some of these facilities, such as the Omega 20 laser facility, use high-powered lasers to deposit large energies in small volumes, usually in millimeter-sized experimental targets, as well as creating ionized highpressure systems. This allows processes that are thought to occur in astrophysics to be simulated in the laboratory in a controlled setting. The present paper is specifically focused on processes that occur at the He/H interface during the explosion phase of SN1987A. Observations of SN1987A showed earlier than a͒ Paper QI1 1, Bull. Am. Phys. Soc. 53, 234 ͑2008͒. predicted, x-ray emission of dense, core elements, specifically 56 Ni and 56 Co. Also, peak velocities of some of these dense elements were much higher than the velocities predicted by one-dimensional ͑1D͒ simulations. 21 It is possible that these discrepancies are due to extensive mixing within the layers of the star. The mixing that is believed to occur in this core-collapse supernova has motivated many simulations 8, 12, [22] [23] [24] and experiments. [25] [26] [27] Sequences of experiments, of increasing precision, have used HED facilities to explore blast-wave-driven instabilities. 23, [27] [28] [29] [30] Early experiments developed an experimental test bed for supernova-relevant hydrodynamics, as described by Robey et al. 28 The experimental targets and conditions in this class of experiments are well scaled to the blast-wave-driven He/H interface in SN1987A. 31 This test bed has over time supported a range of experiments, including experiments with multilayer targets 32 and spherically divergent targets. 33 Our focus here is on the planar, blast-wavedriven case.
Planar, blast-wave-driven experiments using twodimensional ͑2D͒ initial conditions at the unstable interface are described in a paper by Kuranz et al. 34 ͑referred to as Paper I throughout the present paper͒. The experiments in Paper I were performed with 2D single-mode and 2D multimode initial conditions. The analysis in Paper I sought to understand the observed growth of structures at the interface, including consideration of experimental variability and uncertainty. Paper I included simulations that were performed using the FLASH ͑Ref. 35͒ code in 2D. Earlier papers 24, 36 reported 2D simulations, using the CALE code, of the experiments performed with 2D initial conditions and compared these to a subset of the data. These papers concluded that the observed growth of structures at the interface included contributions from Rayleigh-Taylor and Richtmeyer-Meshkov processes, in addition to the expansion of the plasma, and that the late-time, Rayleigh-Taylor behavior could be accurately described by a model balancing buoyancy and drag.
The subsequent experiments worked with more complex initial conditions, namely, three-dimensional ͑3D͒ initial conditions involving a designed perturbation of the interface by sinusoidal modulations of the same wavelength in two orthogonal directions. The paper describing these experiments, by Drake et al. 27 ͑referred to as Paper II throughout the rest of the present paper͒, reported the observation of anomalous penetration by the spikes from the blast-wave-driven Rayleigh-Taylor instability to the shock front. After these experiments were executed, an unintended structure, which will be further described later in this paper, was found in the experimental targets. The effect of this feature was to introduce a substantial long-wavelength component into the initial conditions for the instability. At the time, it was thought that perhaps this structure in the target caused the unexpected spike penetration. This result motivated the experiments and simulations described in the present paper, which systematically explore the effects of long-wavelength structure on the blast-wave driven instability.
II. TARGET STRUCTURE AND EXPERIMENTAL CONDITIONS

A. Target structure
The key components of the targets are shown in Fig.  1͑a͒ , and a completed target, which was assembled at University of Michigan, is shown in Fig. 1͑b͒ . There is a disk of plastic material, followed by a layer of low-density foam. The plastic component and the foam are enclosed in a tube made of polyimide with nominally 25 m thick walls. The carbonized resorcinol formaldehyde foam has a density of nominally 50 mg/ cm 3 and is several millimeter long. The foam was supplied by Lawrence Livermore National Laboratory. This is different from the targets for the 2D experiments described in Paper I, which used similar foam with a FIG. 1. ͑Color online͒ ͑a͒ The main experimental target components. A polyimide disk is followed by a CRF foam. A slot is milled out of the polyimide and a bromine-doped plastic is glued into the slot. These pieces are enclosed in a polyimide shock tube. ͑b͒ A completed target, fabricated at University of Michigan. The main components from ͑a͒ are indicated by target package. density of 100 mg/ cm 3 . The plastic disk is composed mostly of polyimide, which has a chemical structure of C 22 H 10 O 5 N 2 and a density of 1.41 g / cm 3 . It has a nominal diameter and thickness ͑individually measured͒ of 905 and 150 m, respectively.
The rear surface of the plastic piece, which abuts the foam, has an area where the material has been removed, nominally 75 m deep and 230 m wide, individually measured. A piece of bromine-doped plastic, which has a chemical structure of C 500 H 457 Br 43 and will be referred to as CHBr, is glued into this slot. The CHBr has a density of 1.42 g / cm 3 , similar to that of the surrounding polyimide, so it will have a similar response to the large ablation pressure from the laser beams. The CHBr material is used to provide contrast in x-ray radiographic images. Also, it is at the center of the plastic disk so that the diagnostic is able to "look through" the polyimide walls and the polyimide surrounding the CHBr, which are both nearly transparent to the x rays used to diagnose the experiment.
On the CHBr side of the disk, a perturbation is machined to seed the instabilities. This perturbation was 3D and was similar to the one used in the experiments reported in Paper II. It was a single-mode pattern that was composed of two sine waves in orthogonal directions with amplitude of 2.5 m and wavelengths in each direction of 71 m. An illustration of this 3D single-mode pattern is seen in Fig.  2͑a͒ . After the experiments of Paper II were performed, it was discovered that the tracer strip was lower than the surrounding polyimide material. This is the unintended structure that was mentioned earlier. This depression was due to the machining process used to create the 3D pattern on the plastic piece. The tool cut more deeply into the CHBr material than the surrounding polyimide, causing the tracer strip to be ϳ5 m lower. This is indicated in Fig. 2͑b͒ , which shows the mean elevation for a portion of the plastic component. The center region in Fig. 2͑b͒ is the tracer strip; it is surrounded by polyimide. The tracer strip is clearly recessed compared to the neighboring material. Recall that the initial amplitude is 2.5 m; thus, 5 m is a large value on this scale.
It was thought that this tracer strip depression might have been the cause of the spike penetration to the shock front in the experiment described in Paper II. In a crude approximation, the depression could be thought of as an additional long-wavelength mode. This motivated the present experiments for which the initial conditions included an additional long-wavelength mode that was added to the 3D single-mode pattern. Two multimode patterns were used in these experiments. In one direction a wavelength of either 212 or 424 m was machined on top of the single-mode perturbation. Figure 3 shows each of the additional modes used in the present 3D two-mode experiment. For the current experiment the plastic component was fabricated and machined at General Atomics. After the discovery of the depressed tracer strip, General Atomics developed improved machining techniques to reduce the depression, which was approximately 0.1 m for the present experiments.
It also became evident that characterization of the plastic disk was necessary prior to the experiment. Target specifications and tolerances are determined and each disk is characterized using an optical microscope, a white light interferometer, and a confocal scanning microscope for a variety of measurements. Some of the measurements made were disk diameter, disk thickness, CHBr width, CHBr thickness, surface depression, glue thickness, wavelength, and amplitude. For a plastic component to be used in the experiment, these measurements must meet the predetermined specifications and tolerances.
B. Experimental conditions
Ten Omega laser "drive beams" irradiated the plastic disk to initiate the experiment. These beams had a wavelength of 0.35 m with energy of about ϳ450 J per beam. The pulses were of 1 ns full width at half maximum with approximately flat tops. Each beam passed through a distributed phase plate that produced an overall smooth beam profile of about 820 m diameter full width at half FIG. 2. ͑Color online͒ ͑a͒ An illustration of a portion of the 3D single-mode "egg crate" pattern defined as two orthogonal sine waves having wavelengths of 71 m and an amplitude of 2.5 m. ͑b͒ The CHBr material was found to be ϳ5 m lower than the surrounding material. This image shows the elevation, as measured by interferometry, of the surface of the plastic disk.
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3D blast-wave-driven Rayleigh-Taylor instability… Phys. Plasmas 16, 056310 ͑2009͒ maximum. These beams created an average irradiance of ϳ9 ϫ 10 14 W / cm 2 and an ablation pressure of ϳ50 Mbars based on simulations. This large ablation pressure drove a shock wave into the plastic material.
The laser pulse ended at 1 ns and at that time the shock wave was at ϳ75 m ͑according to simulations͒, which is halfway through the plastic material. When the pulse ends, the source of pressure that created the shock wave also ends. This allows the ablated material to expand and create a rarefaction wave moving in the same direction as the shock wave. The rarefaction wave quickly overtakes the shock, creating a blast wave moving toward the interface between the plastic and the foam. This is similar to the situation in a supernova. The sudden explosion of the core launches a shock wave, which develops into a blast wave after the explosion. This blast wave moves outward through layers of decreasing density.
In both the supernova and the experiment, the blast wave crossing an interface of decreasing density induces the Richtmyer-Meshkov and Rayleigh-Taylor instabilities. As mentioned previously, the Rayleigh-Taylor instability soon begins to dominate. 37 Rayleigh-Taylor is dominant at the times that this experiment is observed.
C. Diagnostics
The main diagnostic used to observe the experiment was ungated x-ray radiography. 38 A diagnostic target was placed ϳ12 mm from the main experimental target. This diagnostic target has several components. The first is a 5 mm square Ta foil, with a pinhole aperture of either 50 m pinhole stepped to 20 m or, in more recent experiments, 20 m tapered to 10 m. Using the smaller pinhole aperture increased the resolution of the experiment as the resolution is limited by size of the source. Mounted 500 m behind the Ta, in relation to the target, is a 50 m thick, 3 mm square plastic layer. A 12.5 m thick, 500 m diameter circle of Sc is attached to the plastic so as to be centered over the pinhole aperture in the Ta. Additional laser beams, delayed 13-29 ns from the initial drive pulse, irradiate the Sc foil. This creates 4.32 keV photons, which are directed through the pinhole. These x-ray photons, which encounter an optical depth of 1-2 in the CHBr material, pass through the target and onto either direct exposure film or Agfa D7 film.
In order to protect the ungated film from emission by the hot, glowing plasma created during the initial laser pulse, a large gold or acrylic conical shield is attached to the target. The shield is ϳ20 mm at the largest opening and is tapered to ϳ4 mm at the base of the shield. In the case when an acrylic shield was used, an additional gold wedge was also used on the outside of the shield on the side nearest the diagnostic. The acrylic and gold shields can be seen in Fig.  1͑b͒ . The plastic and foam components are enclosed in the polyimide shock tube labeled "target package." In addition to the shield, a 50 m thick gold washer coated in a thin layer of plastic was placed at the base the shield. This washer, which had a 2.5 mm outer diameter and a 1 mm inner diameter, was also used to protect the ungated diagnostic from plasma that could "leak" out between the shock tube and the gold or acrylic shield. Figure 4 shows data adapted from Paper II and are typical data from that experiment at 17 ns. In these images darker pixels indicate areas of higher density, in this case, the 
III. RESULTS
A. Experimental results
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CHBr material. The bright area on the left of the image is low-density material flowing toward the reverse shock. Moving to the right in the image there is an alternating pattern of light and dark from the top to the bottom of the image. This is the interface that shows the mixing of the CHBr ͑dark͒ and foam ͑light͒ materials. The initial perturbation for this experiment was a 3D single-mode pattern ͓see Fig. 2͑b͔͒ ; it was imaged 17 ns after the initial laser pulse. Beyond the interface is the shock wave, which moves to the right. There is a dark dot on the image that is a flaw on the detector, and dark areas on the lower left and upper right regions of the image are regions of no signal on the detector. This image was not obtained with an ungated diagnostic as was described above. It was created using an x-ray pinhole framing camera as is described in Paper II. An important feature in these data is that the spikes have reached the shock front. This is the type of anomalous growth, mentioned previously, that motivated the present experiments. Figure 5 shows radiographs from the present experiments, performed with 3D two-mode initial conditions. Fig. 5͑a͒ were taken at 17 ns after the drive pulse was initiated, while those in Figs. 5͑b͒ and 5͑c͒ were taken at 13 and 17 ns, respectively. The dark area on the left of the image in Fig. 5͑a͒ is the conical gold shield. There is a thin, curved, dark line on the lower left corner of the image. This is a wire attached to the shield of the target. There are also several dark spots on the images that are due to an accumulation of debris on the protective shield of the diagnostic. The edges of the polyimide tube walls can also be seen along the top and bottom of each image. There is a gold grid in the upper right of the images, which is used to measure the magnification and spatially calibrate the image for analysis. Again the spikes and bubbles are seen at the interface and beyond that to the right is the shock. In Fig. 5͑b͒ the edge of the reverse shock can be seen on the far left, followed by the interface and shock moving to the right.
The grid in these images is measured prior to the experiment and is used to calibrate the position in the radiographic image. The initial position of x =0 m, y =0 m is the center of the plastic disk where the initial laser beams are also centered. Once an image is calibrated, the positions of important features are found. The location of any feature, where feature refers to the spike tip, bubble tip or shock position, is found by taking a horizontal profile of varying width across the feature. An example of a horizontal profile across a single spike is shown in Fig. 6͑a͒ and the corresponding radiograph is shown in Fig. 6͑b͒ . The black rectangle in Fig. 6͑b͒ indicates the size and position of the horizontal profile for the spike. The width of the profile depends on the size of the feature, in these images the width of the profile is 30 m. In Fig. 6͑a͒ the pixel intensity varies across the position of the spike tip from 1427 to 1469 m. The position of the spike tip is taken to be halfway between these two points. The bubble tip and shock position are found in similar ways. Ideally there would be a sharp change in intensity at the feature position, but this is spread out by a combination of finite source size, any tilt in the target, and perhaps variation in the areal density of CHBr. The gradient in the intensity is incorporated into the uncertainty in the measurement.
When calculating relative positions, such as the distance from the spike tip to the bubble tip or the spike tip to the shock front, the uncertainty mentioned above is the largest uncertainty in the measurement. The data from these experiments have better resolution and lower noise than the experiments of Paper II. There were also improvements in the quality of the data during the current set of experiments, from improvements such as switching to Agfa D7 film and de- 
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Absolutely calibrated locations, such as those shown on the axes of Figs. 4, 5͑a͒-5͑c͒, and 6͑b͒, have other sources of error that stem from the measurement and alignment of the target. First, the process to calibrate the data will be discussed. The location of the target grid is measured with respect to the center of the plastic disk ͓this is the point of laser irradiation and indicated as ͑0, 0͔͒. The error associated with these measurements is Ϯ20 m. During the experiment the target is aligned in the Omega chamber. There are two types of alignment: translational and rotational. The error associated with the former is about Ϯ20 m. The error in rotational alignment varied over different experimental days as techniques for alignment have also improved. For earlier experimental days the error was as high as Ϯ60 m and it was later reduced to Ϯ10 m. The combined error in absolute positions is Ϯ115 m for earlier experiments and Ϯ60 m for later experiments.
The data from the most recent experiments have been analyzed using the methods described above and the results are shown as plots in Figs. 7-9. Figure 7 shows the spike tip and shock position versus time for both types of 3D multimode experiments. The experiment was observed at 13 ns, 17 ns, 21 ns, and 25 ns. Some points have been displaced in time. The spike tip position is less than the shock position, although the error of the positions overlap. The spikes do not reach the shock in these experiments, in contrast to the result in Paper II. This is also evident in the radiographs of these data ͓Figs. 5͑a͒ and 5͑b͔͒. Further evidence is seen in Fig. 8 , which is a plot of the distance between the spike tip and the shock front versus time. If the spikes had reached the shock front, this value would be zero and clearly it is not. From these experiments, it does not appear that a long-wavelength mode causes enhanced spike penetration as seen in the previous experiments. Recall that the current experiments differed from the previous experiments. The previous experiment had a 3D single-mode machined perturbation with a recessed tracer strip. The current experiment has a 3D twomode machined perturbation, where the additional mode is a long-wavelength mode, which is added in one direction. This long-wavelength mode was intended to intentionally reproduce the conditions of the previous experiment.
It is also of value to consider the mix-layer amplitude for the experimental data. The mix-layer amplitude is defined as half of the distance between the spike tip and the bubble tip. The mix-layer amplitude versus time for experiments performed with both types of two-mode initial conditions is shown in Fig. 9 . Unfortunately, there is a limited amount of data for the two-mode experiments performed with a supplemental 212 m wavelength mode. However, notice that for both types of experiments the value of the mix-layer width roughly falls on a straight line.
B. Simulation and simulation results
The results just described are puzzling in two ways. First, the previous interpretation of Paper II, that the result of the interaction of the blast wave with the tracer strip was to deposit vorticity that pushed the spikes further forward, should apply as well to the interaction of the blast wave with the long-wavelength modes in the present experiments. Indeed, the spectral structure corresponding to the 212 m mode in the present case is similar to that corresponding to the depressed tracer strip in the previous case, although the vorticity deposition would be different. Second, this same reasoning would lead one to expect to observe a difference between the two cases here, with the longer-wavelength mode thrust further forward. To explore the underlying dynamics and to seek possible causes for the increased spike penetration in the experiments of Paper II, 3D simulations with the code FLASH were performed. These simulations specifically studied variations in the depression of the tracer strip. The FLASH code is used to model general compressible flow problems, which are often found in complex astrophysical systems. This code uses the piecewise-parabolic method ͑PPM͒ 43 to solve the Euler equations. FLASH allows for adaptive mesh refinement using block-structured adaptive grid and placing resolution elements in areas where refinement is needed most. A gamma law equation of state was used with a polytrophic gamma of 1.4 for both the plastic and the foam. This value of gamma has been found to be appropriate for the partially ionized media in these experiments and simulations. 39 These simulations were done in 3D Cartesian coordinates; the domain was a rectangular prism with dimensions of approximately 455ϫ 455ϫ 1635 m 3 . The resolution of the simulation was 1.42 m per zone or 50 zones per wavelength. The initial seed perturbation was the 3D single-mode pattern that was used in the experiments of Paper II and that provided the basic structure of the present experiments, along with varying degrees of depression of the tracer strip. The initial structure of the blast wave was provided by output from a 1D simulation of the laser-driven shock by the code HYADES. 40 The simulation results at t = 17 ns are shown in Figs. 10 and 11. The color in these images is scaled so that the darkest areas are the densest and are based on linear density. These images are an average over the center 230 m of the domain. In Fig. 10 this corresponds to the location of the tracer strip and these averages best represent what would be seen in experimental radiographs like those discussed above. Three simulations were performed with varying depressions in the tracer strip. The nominal case is shown in Fig. 10͑a͒ and has no depression. Figure 10͑b͒ shows a simulation performed with the tracer strip depressed 0.1 m with respect to the surrounding plastic. This simulation is a representative of the amount of depression in more recent experiments, such as those in Fig. 5 . Figure 10͑c͒ shows a simulation performed with tracer strip depressed 5 m, which corresponds to the experiments in Paper II and shown in Fig. 4 .
The nominal case ͓Fig. 10͑a͔͒ and the 0.1 m depression case ͓Fig. 10͑b͔͒ show few differences. The spikes, bubbles, and shock are in roughly the same locations and the spikes and bubbles have relatively similar shapes. Simulations performed with a 5 m depression ͓Fig. 10͑c͔͒ show greater differences from the other cases. Again, the locations of the spike, bubbles, and shock are in the same relative positions; however, there are some qualitative differences in this simulation, specifically in the bubbles. The base of the bubbles appears to be more "filled in" than in the other cases. Overall, the results of these simulations are very similar. Also, it is important to note that while there are some small differences between these simulations, not one of these cases show the spikes moving much further than the others, let alone to the location of the shock front. Figure 11 shows results of the same three simulations from an orthogonal point of view, so that the tracer strip occupies approximately three spikes at the center of the domain. Note that all of the experimental radiographs shown previously are not viewed from this angle. The relative position of the CHBr strip is shown in Fig. 11͑a͒ . As was true in the other view of the simulations, the nominal case and 0.1 m case are very similar. The 5 m case is very different from the other cases. The spikes are in similar locations in all three cases, but the bubbles are very different. The center bubble tips are much farther ahead ͑to the right͒ of the neighboring bubbles tips. When comparing this figure to Fig.  10͑c͒ , which shows the view 90°from this one, it becomes apparent why the bubbles appear filled in in that figure. It is clear, from Fig. 11͑c͒ , that the 5 m depression does affect the structure of the mix layer. Material at the tracer strip location is indeed thrown forward. However, the spikes have already moved far enough to remain relatively unaffected as of the time of the measurements. Indeed, they might never be affected because the acceleration decreases with time in 
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3D blast-wave-driven Rayleigh-Taylor instability… Phys. Plasmas 16, 056310 ͑2009͒ these blast-wave-driven experiments, in contrast to the constant-acceleration case that has informed much past conceptual thinking about these problems. From these simulations it does not appear that the depression of the tracer strip is responsible for the increased spike penetration seen in the experiments in Paper II and it is not surprising that the present experiments gave the results they did.
IV. DISCUSSION
It is evident that in the case of experiments executed with 3D two-mode initial condition the spikes do not reach the shock front as was observed in Paper II. Nevertheless, it is important to understand the observed amount of instability growth. The buoyancy-drag model is an incompressible model for Rayleigh-Taylor mixing that describes the evolution of the mixing layer with respect to time. This description is similar to an equation of motion for each bubble or spike with an inertial term and a friction term. From Oron et al. 41 and Dimonte 42 a 3D description of the growth of a given feature is as follows:
where 1 and 2 refer to the high-and low-density materials, respectively, u is the velocity of the unstable feature in units of m / ns, and g is the acceleration of the interface in units of m / ns 2 . In Eq. ͑1͒, C a is the added mass coefficient and for the 3D buoyancy-drag model it is 1, while C d , the drag coefficient, is equal to 2 in this case. L͑t͒ is the length scale of an individual feature and, as discussed in Dimonte it is equal to the ratio of the volume to the cross-sectional area. The volume determines the net buoyant force while the area determines the drag force. In this case it is the mix-layer amplitude of the instability. Recall, that the mix-layer amplitude for these experiments showed very similar growth for the two types of two-mode experiments seen in Fig. 9 . Also, both patterns had the same initial amplitude. The amplitude of the mix layer is increasing with respect to time and from the experimental data it is 3.39t where 3.39 is the velocity of the amplitude growth in m / ns and the time t is in nanoseconds. In Eq. ͑1͒, the ratio of 1 / 2 is 5.67 and g͑t͒ = −6.4͑t / 3͒ −1.1 , which is found from a simulation. This equation can be integrated for the amplitude of the mixing layer.
In order to compare the data to this model, an expansion correction factor must be subtracted from the data. This is due to the fact that the buoyancy-drag model is incompressible and the experiment is compressible. A full description of correcting the data for the expansion that occurs in the experiment is contained in Paper I. In both that paper and the present experiment, the expansion accounts for roughly half of the mix-layer growth. Once the data have been corrected for decompression, it can be compared to the 3D buoyancydrag model, as shown in Fig. 12 . This figure shows the 3D Rayleigh-Taylor instability growth for the present experiments. Again, the two different types of initial conditions show similar growth. These results are compared to the results of the buoyancy-drag model represented by the black line. The data agree with the model within the error of the measurement.
V. CONCLUSIONS AND FUTURE DIRECTIONS
In summary, the experiments and simulations described in this paper were motivated by unexpected spike penetration observed in previous experiments. This penetration of the spikes all the way to the shock front was thought to be caused by the depressed tracer strip. The depression of the tracer strip was discovered after the experiments when the CHBr material was measured to be about 5 m lower than the surrounding material. It was thought that the depression behaved as an additional long-wavelength mode added to the intentional pattern. This motivated experiments to explore this possibility.
The present experiments had 3D initial conditions similar to those of the previous experiments, but with the tracer strip depression replaced by long-wavelength modes in the pattern. There were two types of experiments, one where the additional mode was 212 m and another where the additional mode was 424 m. Both of these initial conditions had amplitudes of 2.5 m. The results of these experiments indicated there is no difference in the growth of the mix layer. Upon analysis of the 3D buoyancy-drag model, this result is of no surprise since the ratio of volume to amplitude for the features in these types of the experiments is proportional to the amplitude of the individual features in the mixing layer. In these experiments the initial amplitude of such features is the same and their subsequent growth is very similar. Neither of these experiments showed the spikes moving to the shock front. Therefore, the tracer strip behaving as a long-wavelength mode is not a cause for the unexpected growth seen in earlier experiments.
The 3D simulations were also performed to investigate the consequences of a depressed tracer strip. The results showed that different amounts of depression produce some qualitative differences in the bubble structure; however, the overall position of the spikes was not affected by the depression of the tracer strip material. Also, none of the simulations showed the spikes reaching the shock front as was observed in the prior experiments.
The cause of the increased spike penetration seen in the experiment in Paper II is still unknown; this effect is not seen in the simulations presented in the present paper or in other simulations of the present experiments using 3D multimode initial conditions, to be published. Additional experiments need to be performed in order to investigate this phenomenon further. An interesting set of follow-up experiments would have 3D single-mode initial conditions with varying amplitudes and would explore the behavior at earlier times.
